A highly dispersive dual-concentric-core pure silica photonic crystal fiber is designed with a maximum chromatic dispersion value of about Ϫ9500 ps͑͞nm km͒ around the 1.56 m wavelength region and a full width at half-maximum (FWHM) of 55 nm. The change in the dispersion-bandwidth product as a function of period is carefully studied by using the plane wave expansion method. The coupled mode theory matches well with the plane wave expansion method that was used to simulate the chromatic dispersion. This kind of a photonic crystal fiber structure is suitable for high-dispersion application in phased array antenna systems based on photonic crystal fiber arrays.
Introduction
In the past decade, there has been an increasing use of lasers operating at ϭ 1.55 m in optical communication systems. This shift in the operating wavelength from 1.31 to 1.55 m is due to the presence of a low-loss window in silica fibers and due to the invention of erbium-doped fiber amplifiers operating in the same wavelength window [1] . Erbiumdoped fiber amplifiers perform an in-line optical amplification of the signal, thus enabling repeaterless transmission for distances greater than a few hundred kilometers. These amplifiers also exhibit excellent noise figures and are compatible with many of the existing components [2] . However, at 1.55 m, the fibers exhibit a chromatic dispersion of about 17 ps͞nm͞km [3] . This value is very small for any practical application in true time delay systems.
Fibers designed for dispersion compensation in optical communication have shown that very high values of dispersion (D Ͼ Ϫ100 ps͞nm͞km) can be achieved in very short lengths of fiber [4] . The dispersion-compensating fibers should have a high negative dispersion coefficient while maintaining minimum losses and low cost. A true time delay unit based on the above mentioned fiber can be used in phased array antenna systems. Since the first working model was demonstrated in the year 1996, photonic crystal fibers [5] (PCFs), fibers with an array of periodic air holes running down the length of the fiber, have gained increasing popularity due to their unique properties such as endless singlemode operation [6] , high nonlinearity [7] , and ultralow loss [8, 9] . PCF structures can be designed to have higher negative dispersion values compared with conventional dispersion compensating fibers [10 -12] . These highly dispersive PCFs have a potential for high-dispersion applications such as dispersion compensation to reduce length, payload, and loss [10, 13] . Another important application for highly dispersive PCFs is for true time delay elements in phased array antenna systems. This was demonstrated by Jiang et al. [14 -16] . By using PCFs as true time delay elements, the fiber's total length can be decreased proportionally, leading to compact device structures suitable for airborne and spaceborne applications. Various groups from all over the world have been working on tweaking the peculiar properties of PCFs to achieve high negative dispersion coefficients [10, 12] and low-loss structures. Although most of the methods have been able to achieve very high negative dispersion values, the bandwidth is strictly limited, resulting in a relatively small dispersion-bandwidth product. We present the design for a dual-concentric-core PCF [17] to achieve a very high negative dispersion coefficient of about Ϫ9500 ps͞nm͞km, with a full width at half-maximum of 55 nm. A cross section of the designed fiber is shown in Fig. 1 ; d 1 , d 2 denote the diameters of the first and second air-hole rings, which form the inner cladding; d 3 denotes the diameter of the third air-hole ring, which forms the second core. The rest of the air-hole rings (fourth-tenth rings) form the outer cladding region. The period of the air holes is given by ⌳. The area at the center, determined by the first air-hole ring diameter and the period, forms the center core. The research presented herein has the highest value dispersion-bandwidth product reported thus far to our knowledge. It also has a high dispersion value that is an improvement by a factor of 5 over previous designs [17] and is a promising candidate for applications requiring compact systems for broadband phased array antennas.
Theory and Design of a Dual-Concentric-Core PCF
The mechanism of a dual concentric-core PCF is similar to that of a directional coupler [18] . First, we introduce the coupled mode theory for dual-core PCFs [12] . The central core and the outer core behave as two parallel waveguides, and the high dispersion is from the coupling between the two waveguides. By expanding the propagation constants, ␤, of the modes in the isolated waveguides around the phase-matched frequency using Taylor's series, we get [18] 
where i ϭ 1, 2 represents the inner and the outer waveguide, respectively, and p represents the phasematched frequency. From the coupled mode theory, we know that coupling of the individual modes can generate two supermodes, whose propagation constants can be written as [18] B Ϯ ϭ 1 2 (2) where is the coupling constant between the two waveguides. We can insert Eq. (1) into Eq. (2) and differentiate the result twice with respect to angular frequency. Supposing that the two waveguides'
are all very small numbers (this term is determined mainly by the material dispersion of waveguide, and so it must be a very small term), we get the groupvelocity dispersion as
The dispersion parameter is normally written as [1]
Using Eqs. (3) and (4), we get
. (5) From Eq. (5), we see that the dispersion value reaches its maximum value when is equal to p and is given by
The FWHM can be derived from Eqs. (5) and (6) as
ͯ . (7) From Eqs. (6) and (7), we see that the dispersion value depends mainly on the coupling constant and the difference of dn͞d between the inner and the outer core. The bandwidth is dependent on the phasematch wavelength ͑ p ͒, the coupling constant , and the difference of dn͞d between the inner and the outer core.
There is a trade-off between the maximum dispersion value and the FWHM. If we multiply Eq. (6) by Eq. (7), we can get a dispersion-bandwidth product that is independent of the coupling constant (). This product can be defined as a figure of merit for our structure:
Equation (8) shows that the product depends on the phase-match wavelength, and we further define
which is the difference of dn͞d between the inner and the outer core. If our interest is around a specific wavelength, say p ϭ 1.56 m, then the product just depends on the value of T. To maximize the dispersion-bandwidth product, we need to increase T as much as possible. The parameters of the fiber were carefully chosen to make the respective modes have a phase match at a wavelength ͑ P ͒ close to 1.56 m. The redistribution of modal fields with a variation in wavelength is shown in Fig. 2 . When the wavelength is shorter than the phase-match wavelength ͑ Ͻ p ͒, the field is essentially confined in the inner core [ Fig. 2(a) ]. Around the phase-match wavelength ͑ Ϸ p ͒, a part of the field is in the inner core and a part is in the outer core [ Fig. 2(b) ]. When the wavelength is longer than the phase-match wavelength ͑ Ͼ p ͒, most of the power spreads to the outer core and is effectively guided in the outer core [ Fig. 2(c) ]. This modal field redistribution makes the effective index change greatly with the wavelength, and thus near the phasematch wavelength the dispersion of the dual concentric core fiber will be very high.
Simulation and Results
At the phase-match wavelength around 1.56 m, the effect of varying the period (⌳) on dn͞d and the dispersion-bandwidth product was carefully studied by using the fully vectorial plane wave expansion (PWE) method [19] , wherein, the solutions to Maxwell's equations are found by expanding the fields in terms of plane waves and applying Bloch's theorem, along with the principle of orthogonality of modes. Although the fully vectorial PWE method is extremely accurate for periodic structures without defects, it is only approximately accurate for periodic structures with defects-assuming that a proper supercell containing the defect is selected for calculations. A more detailed explanation can be found in a paper by Ho et al. [19] . The simulations are done using RSoft BandSOLVE software [20] that is based on the full vectorial PWE method. For our design, a supercell of size 10 ϫ 10, instead of a unit cell, is implemented for periodic boundary conditions. In Fig. 3 , the curve marked with filled squares shows the dn͞d change of the inner core with respect to the change in the period, and the curve marked with the open squares shows the same variation for the outer core around the wavelength 1.56 m. We can clearly see from the graph that the inner core dn͞d changes linearly with a change in the period and that a smaller period gives a larger dn͞d value. This is because a smaller period gives a smaller inner core, and thus the confinement in the inner core will become weaker. This makes the effective index in the inner core more sensitive to the wavelength change, which means that the absolute value of dn͞d increases significantly when the period is decreased. For the outer core, the dn͞d value changes very little with the period. This is because the outer core has a ringlike structure, and this kind of structure's confinement ability is stronger compared with the inner core's rod structure. So we can see that the dn͞d of the outer core guided mode is almost unchanged, and the value is around Ϫ0.065 m
Ϫ1
; but when the period is smaller than 1 m, the confinement in the outer core also becomes weaker, and the dn͞d value becomes smaller. The value of T can be calculated from Fig. 3 , and the result is shown in Fig. 4 . We find that the value of T decreases with an increase in the period, and this is contributed mainly by the inner core's dn͞d change. The curve marked with stars is the calculation result, and the curve marked with circles is a fit to the calculation result. We find that the value of T exponentially decays with an increase in the period of the holes, and the decay constant is about 0.431 m. This also means that the dispersion-bandwidth product decays exponentially as the period is increased. Thus this product increases as the period is decreased.
From the above discussion we find that the period (⌳) plays a vital role in achieving broadband operation along with a very high dispersion value. By designing structures with very small periods, we can achieve very high dispersion-bandwidth products. However, it becomes difficult to control the diameter of the air holes over such small dimensions. By choosing a period of 0.98 m, we are almost hitting the limits of manufacturability. To satisfy the high dispersionbandwidth requirement and manufacturing feasibility simultaneously, a dual-concentric-core pure silica PCF with period ϭ 0.98 m is designed to have a maximum dispersion value of about Ϫ9500 ps͞nm͞km and bandwidth of about 55 nm.
The inner core is made of pure silica, surrounded by an inner cladding made of two air-hole rings with of diameter d 1 , followed by an outer core with diameter d 2 , and then by an outer cladding with diameter d 3 . Since we are hitting the limit of manufacturability at a period of 0.98 m, we chose this value for the period and simulated structures with various parameter values. A structure with values of d 1 ͞⌳ ϭ 0.90, d 2 ͞⌳ ϭ 0.76, and d 3 ͞⌳ ϭ 0.59 gave us a dip in the dispersion curve around 1.56 m. These values were obtained after many trial values were simulated. Each parameter is independent of the others. To see the effect of these parameters on the dispersion curve, each parameter was varied independently, while the remaining parameters were kept at the above mentioned values. The results are shown in Figs. 5(b) , 5(c), and 5(d). It can be seen from these figures that any small deviation in the parameter can totally change the dispersion curve in terms of magnitude and position. Therefore the parameters need to be strictly controlled while drawing the fibers. This sets a limit on the manufacturability. The dependence of dispersion on ⌳ is shown in Fig. 5(a) . As discussed previously, it can be seen that the value of dispersion decreases as the period is increased. The dip also changes its position on the wavelength scale. In our design, we have used two air-hole rings between the inner and the outer core instead of one as given by Gérôme et al. [17] . As the number of air-hole rings increases between the two cores, the value of dispersion becomes larger, but the bandwidth becomes narrower as shown in Fig. 6 . We choose two air-hole rings, as it gives a high value of dispersion along with a reasonable bandwidth of operation suitable for our application. The variation in the effective index of the fundamental mode with wavelength is studied by using the PWE method [19] . In Fig. 7 , the curves marked with Ϫ and ϩ show the effective refractive index change with the wavelength in the inner and the outer core, respectively. The curve marked with stars is due to the combined effect of the concentric cores; it connects the inner core's dn͞d and outer core's dn͞d and is dependent mainly on the coupling constant between the inner and the outer core. This curve predominantly controls the shape of the resulting dispersion curve. We can also see that the two individual core curves are like the asymptotes to the combined curve. This means that, for a wavelength greater than the phase-match wavelength, the mode is just like being confined in the outer core and cannot feel any effect from the inner core and vice versa. To use Eq. (4) to calculate the net chromatic dispersion of the structure, we perform a second differential on the curve marked with stars with respect to the wavelength and multiply by Ϫ͞c. The result of our calculation is shown in Fig. 8 as a curve marked with solid squares. From the figure, we see that the maximum value of dispersion achieved is around Ϫ9500 ps͞nm͞km, and the FWHM is about 55 nm near a wavelength of 1.56 m.
There are still some problems with this kind of design. Because the small period makes the inner core's diameter very small, ϳ1.5 m, the coupling from a standard single-mode fiber to this fiber becomes difficult. There are fiber companies that can handle this problem. They use an intermedia fiber coupler from single-mode fiber to a taper fiber, followed by coupling from tapered fiber to the small-core PCF. This way, the total coupling loss can be brought down to less than 3 dB. The finite-difference beam propagation method [20 -22] (BPM) was used to calculate the two mode patterns in the inner and the outer core, and the overlap integral method was used to calculate the coupling constant between the two cores. The simulations were done using the RSoft BeamPROP software package [20] . The software can compute the mode patterns, given a refractive index profile and an input field. Apart from calculating the mode patterns, this method can also be used to calculate the radiation or leaky modes modes [20] . The coupling factor was found to be ϭ 2 ϫ 0.00167͞ p ϭ 0.00673 m
. Coupled mode theory was employed to obtain the curve between the dispersion and the wavelength. The PWE [19] is compared with that of the coupled mode theory [3] in Fig. 8 , and the results are found to be in good agreement with each other. This kind of broadband, highly negative dispersion fiber can be used in radar applications.
Conclusion
We have described the coupled mode theory in a dualconcentric-core photonic crystal fiber (PCF) and shown that the dispersion property (T value) depends mainly on the difference of dn͞d between the inner and the outer cores. The change in dispersion property with period was carefully studied by the plane wave expansion (PWE) method. We found that smaller periods gave a larger value of T, and this was due mainly to the inner core's large dn͞d value. By choosing a period of 0.98 m, we got a dual-concentric-core pure silica PCF design with a maximum chromatic dispersion value of about Ϫ9500 ps͞nm͞km and FWHM around 55 nm in the 1.56 m wavelength window. We also found that the coupled mode theory matched well with the PWE method that we used in calculating the chromatic dispersion curve. This kind of broadband, highly dispersive PCF is suitable for applications requiring compact phased array antennas.
